Abstract -Morphological variations of Elynus hystrix L. were found in this study. The typical type of E. hystrix is glumeless, and has loose spikes with spikelets that are horizontally spreading at maturity (type I), while type II has pubescent lemmas and type III possesses lanceolate glumes. In order to investigate the genetic relationships among the three types of E. hystrix, hybridization, genome analysis and Giemsa C-banding were carried out. Meiotic pairing in hybrids from three types of E. hystrix was quite regular, suggesting that the three E. hystrix types have the same basic genome constitution. All of the hybrids could set seed suggesting that reproductive barriers among the three types of E. hystrix were not strong, and they should belong to species of E. hystrix. Giemsa C-banded karyotypes supported the close relationships among three E. hystrix types. It is concluded that accession PI 531616 may not be a pure line of E. hystrix, but a hybrid derivative.
INTRODUCTION
Elymus hystrix L. is a tetraploid (2n = 4x = 28) species in the tribe Triticeae (Poaceae). Morphologically, it has broadly lanceolate leaves, reduced glumes and horizontally spreading spikelets, which can be easily distinguished from the other triticeae grasses (DEWEY 1982) . It is found in rich moist or rocky woods on the edges of thickets, wooded hillsides and along river banks. It has a wide distribution ranging from the east coast to the central parts of the USA and to the eastern part of Canada (BADEN et al. 1997) .
Owing to its distinct morphological characters, E. hystrix has from time to time been treated as different genera. E. hystrix was fi rst recognized as one species of Elymus by LIN-NAEUS (1753). Later, it was segregated in the genus Hystrix as the type species of Hystrix, H. patula (MOENCH 1794) . It was treated as Gymnostichum hystrix (L.) Schreb. in 1810, Hystrix hystrix (L.) Millsp. in 1892 and Gymnostichum patulum (Moench) Lunell in 1915 (LÖVE 1984 . Recently, H. patula was retreat as E. hystrix due to its StH genome, which is the same as those of Elymus species (ZHANG and ZHOU 2007) .
Based on morphological studies, BADEN et al. (1997) suggested that E. hystrix shows variation in the glumes and lemma pubescence. CHURCH (1967a; suggested that the wide range of variation in the glumes of E. hystrix might be the presence of hybrid swarms and introgression with E. virginicus or E. canadensis. The plants with pubescent lemmas were formerly recognized as a variety or form of H. patula (= E. hystrix) , H. patula var. bigeloviana Fernald ex Deam or H. patula f. bigeloviana (Fernald) Gleason (HITCHCOCK 1951) . There are scattered plants of E. hystrix with curving awns and, in a few cases, appressed spikelets in eastern North America (CAMPBELL 2002) . In this study, wide variations in morphology of E. hystrix were also observed. For example, the plants of E. hystrix exhibit glabrous or pubescent lemmas; glumeless, or fi liform, or lanceolate glumes; and horizontally spreading or ascending spikelets at maturity. So, whether these represent occasional variation within the E. hystrix gene pool, or whether they are outlying remnants of introgression with E. canadensis, is unknown (BARKWORTH et al. 2007) .
In order to investigate morphological variations and genetic diversities of E. hystrix, hybridizations and karyotype studies using Giemsa C-banding were carried out among different types of E. hystrix in the present study. The morphology, cytology, fertility and distribution of E. hystrix and their F 1 hybrids were examined. The aims of the present study are: (a) to reveal the wide range of variation in morphology of E. hystrix; and (b) to investigate genetic relationships among types of E. hystrix with different morphological characters.
MATERIALS AND METHODS
Plant materials -Three accessions of E. hystrix, PI 372546, PI 531615 and PI 531616, which come from Canada and the United States, were used in this study. The material seeds were kindly provided by United States National Plant Germplasm System (Pullman, Washington, USA). The accession numbers, geographic origins, chromosome numbers and genomic contents of materials are listed in Table 1 . Voucher specimens have been deposited at the Herbarium of the Triticeae Research Institute, Sichuan Agricultural University, China (SAUTI).
Cytological analysis -Morphological variations among plants of E. hystrix were measured for 26 characters ( Table 2 ). The procedures of hybridization, fi xation, and staining of cytological material and preparation followed ZHANG and ZHOU (2006) . Chromosome pairing at metaphase I (MI) was observed in at least 50 cells of each plant, and the mean pairing frequency (c-value, the mean frequency with which two related chromosome arms pair) was calculated according to ALONSO and KIMBER (1981) . Microphotographs were taken from permanent preparations of meiosis using an Olympus BX-51 camera system. Pollen grains from mature anthers were stained in an I 2 -IK solution for pollen fertility study. Seed set was estimated from a 5-spike sample per plant under open pollination.
The Giemsa C-banding technique followed the procedure of GILL et al. (1991) . Metaphase cells with a complete chromosome complement were photographed. Five metaphase cells were analyzed for each material. Idiograms were constructed based on chromosomes lengths, similarities in their morphology, banding patterns, and relative arm ratios. The 14 chromosome pairs in each type of E. hystrix were arranged into groups of two according to homology, in descending mean chromosome length.
RESULTS
Morphology of E. hystrix -Twenty-six morphological characteristics of E. hystrix were measured and are listed in Table 2 . All plants of E. hystrix are vegetatively vigorous with culms 83-136 cm tall, nodes 5-9; sheaths glabrous or scabrous, partially glaucous; broad lanceolate blades; spikes erect; spikelets in pairs, rarely 3 at each node; glumes absent, or fi lamentous, or lanceolate; lemmas glabrous or pubescent with long, straight awns (2-3 cm). Based on the size of glumes, indumentum character of the lemmas, and the angle of spikelets diverge from the rachis, three types of E. hystrix, namely type I, type II and type III, were recognized in this study.
Type I consists of plants with spikelets horizontally divergent at maturity, the absence of glumes or the presence of reduced stubs, and glabrous lemmas ( Fig. 1A-a, b) . Plants of type II differ morphologically from those of type I in their pubescent lemmas (Fig. 1A-c) . Type III has spikelets ascending at maturity, lanceolate glumes and glabrous lemmas ( Fig. 1A-d) . The spikelets diverge from the rachis at angles varied from 45˚ to 90˚ in type I, while type II and type III have ascending spikelets with angles between 30˚ to 45˚ and about angles 30˚, respectively. Plants in (Table 2) .
Crosses and development of hybrids -Artifi cial hybridizations were carried out among the three types of E. hystrix and fi ve combinations produced seeds successfully. They were one each of type II × type I and type III × type II, and three of type III × type I. Within combinations of type III × type I, three accessions of type I from different distributions were used in cross program (Table 3) .
Seed set of the fi ve combinations was generally high (12.5-84.0%) and the germination rate of these hybrids was high too (60.0-81.3%). The lowest seed set occurred in type III × type II, while the highest value obtained in type III × type I (PI 531616).
All hybrids developed into vigorous plants and were morphologically intermediate between their parental phenotypes, i.e., the height of plants, the size of glumes, and the angle of spikelets diverge from the rachis. However, some traits of E. hystrix were dominant, such as the pubescent lemmas in type II.
Meiosis and fertility in the parents and hybrids -The meiotic confi gurations of the parental species and the hybrids are listed in Table 4 . Meiosis of the parental species was quite regular with 14 bivalents and had high c-values varying from 0.93 to 0.99 (Fig. 1B-D) . Mean values of 0.37, 0.53 and 0.18 univalent per cell were observed in type I, type II, and type III plants of PI 531616, respectively. (Fig. 1D, Table 4 ).
Meiotic pairing at MI was very high in hybrids among different types of E. hystrix, with more than 13.57 bivalents per cell and c-values ranged (Fig. 1E, G) .
The fertility, including pollen fertility and seed set, of three types of E. hystrix and their hybrids are shown in Table 5 . In type I, which was found in all three accessions from different geographic locations, the pollen fertilities were up to 97.6% and the seed sets were higher than 96.0%. In type II, the pollen fertility and seed set were 90.5% and 90.0%, respectively. The fertility of type III was similar to that of type II, with an average pollen fertility of 90.7% and the seed set of 90.6%.
As for the hybrids between three types of E. hystrix, the pollen fertilities varied from 77.1% to 93.0%, and the seed sets were lower than those of their parents, varying from 28.1% to 80.2%. The lowest seed set occurred in hybrids of type III × type II (28.1%), followed by hybrids of type II × type I (38.8%). Three hybrids of type III × type I had higher seed sets with 47.3% in type III × type I (PI 531615), 48.0% in type III × type I (PI 372546), and 80.2% in type III × type I (PI 531616).
Giemsa C-banding in three types of E. hystrix -
The C-banded karyotypes and idiograms of three types of E. hystrix were shown in Fig. 2 A-C. The three types of E. hystrix had similar C-banding patterns, though a few subtle karyotypic and Cband polymorphisms were present among them. All of the 14 chromosomes of E. hystrix could be identifi ed by their C-banding patterns. Distinct terminal, subterminal, or centromeric C-bands were present in one or both arms of all chromosomes in three types of E. hystrix, with the exception of chromosome 6, which showed faint subterminal band in the short arms. Rather large centromeric C-bands in both arms were observed in chromosome 7 and 8 of type I and type II, while the similar large centromeric C-bands in both arms were only observed in chromosome 12 of type III. The C-banded karyotypes of three types of E. hystrix showed that the type I karyotype was more similar to the type II karyotype rather than to that of type III.
DISCUSSION
Morphological variation of E. hystrix -E. hystrix can be distinguished by its reduced glumes and spikelets which spread toward horizontally at maturity. Because of its distinct characteristics morphologically, it was recognized as one of the six species of Elymus L. by Linnaeus as early as in1753 (DEWEY 1982) . However, HITCHCOCK (1951), CHURCH (1967a; , BADEN et al. (1997) and CAMPBELL (2002) reported that morphological variations appeared in plants of E. hystrix, including variation in the glumes and lemma pubescence. In this study, we also observed the morphological diversity in E. hystrix, especially among plants with accession number of PI 531616. Based on morphological comparison of plants of E. hystrix, three types of E. hystrix are recognized in the present study. Type I is the typical glumeless forms with horizontally spreading spikelets, whereas type II has pubescent lemmas, and type III contains lanceolate glumes and glabrous lemmas.
Genetic divergence of different types of E. hystrix -Five hybrids between the three types of E. hystrix were obtained to explore the genetic divergence of different types of E. hystrix. Hybridization, meiosis, fertility and Giemca C-banded karyotype of the parental species and their hybrids were examined in this study.
Hybridizations between the different types of E. hystrix were comparatively easy to perform without the aid of embryo rescue technique in this study. Hybrid seeds of the combinations developed quite well, indicating that crossing barriers were not strong among the three types of E. hystrix. In combinations of type III × type I, higher seed set (84.0%) occurred in type III × type I (PI 531616) than those of type III × type I (PI 531615) and type III × type I (PI 372546), suggesting that a rather closer relationship between type III and type I (PI 531616). The close relationship between type III and type I (PI 531616) might be explained by their overlapping distribution areas. Combination of type III × type II produced the lowest seed set (12.5%) in the fi ve combinations, suggesting a more distant relationship between type III and type II.
In the meiosis of the fi ve hybrids, chromosome pairing was very high, with average values more than 13.57 bivalents per cell and c-values higher than 0.92. The results suggest that these three types of E. hystrix share the same basic genomes. Based on our previous meiotic analysis of E. hystrix, the results showed that E. hystrix contained the StH genomes (ZHANG and ZHOU 2007) . So, it is concluded that all of the three types of E. hystrix contain the StH genomes of Elymus.
The overall similarity of the Giemca C-banded karyotypes of the three types of E. hystrix demonstrates homology of the chromosomes of the different types of E. hystrix, and supports the rather closer relationships among them. The Giemsa C-banding patterns of type I and type II were quite similar, indicating that a close relationship existed between type I and type II. An obvious Giemsa C-banding pattern polymorphism observed in type III, suggesting that a chromosome rearrangement or genetic differentiations have taken place in type III of E. hystrix.
CHURCH (1967b) made a series of crosses between E. hystrix and species of Elymus, including E. canadensis, E. sevensonii and E. virginicius. All the experimental hybrids were intermediate morphologically between their parental species, but sterile (CHURCH 1967b). However, relatively high seed set, varying from 28.1% to 80.0%, were observed in the fi ve hybrids of E. hystrix in this study. The results indicate that reproductive barriers among the three types of E. hystrix are not strong, and they should belong to species of E. hystrix. CHURCH (1967a; suggested that the wide range of variation in the glumes of E. hystrix might be the presence of hybrid swarms and introgression with E. virginicus or E. canadensis, and lack of glumes may be a recessive character. BARKWORTH et al. (2007) suggested that plants with relatively well-developed, subequal glumes are presumed to be of hybrid origin. In this study, based on the results of morphological comparison, meiotic pairing, fertility and Giemsa C-banding analysis in this study, it is concluded that a wide range of variation morphologically occurred in populations of E. hystrix. The plants with glumeless and loose spikes with spikelets horizontally spreading at maturity, which was recognized as type I, are the typical type of E. hystrix L. Type II, which has pubescent lemmas and different from the glabrous lemmas in type I. Type III, which are distinguished by the lanceolate glumes, was formerly recognized as a variety of H. patula (HITCHCOCK 1951) , seems a number 
